Objective-Acquired heart diseases, such as valve disease, are major causes of human morbidity and mortality. However, the pathological mechanisms underlying these diseases are largely unknown. Our aim is to identify the role of the hairy and enhancer of split-related (Hesr)-2 gene in the adult heart. Methods and Results-Echocardiography detected heart dysfunctions indicative of aortic valve anomalies, stenosis, and regurgitation, in ≈59% of >12-month-old Hesr2 knockout survivor mice. Morphological and histological analyses revealed thickened semilunar valves with increased fibrotic areas, indicating that sclerotic degeneration of valves is the main cause of aortic valve disease. The expression of osteogenic genes, such as Osteopontin and Sclerostin, were upregulated in the mutants, and the overexpression of Sclerostin in endothelial cells resulted in thickened semilunar valves with increased fibrotic areas, similar to that seen in the Hesr2 knockout mice, suggesting that Hesr2 can regulate osteogenic gene expression in valves. Reduced left ventricular function, which may be caused by increased ventricular interstitial fibrosis, and enlarged myocardial cell size without ventricular wall thickening were found in both aortic valve stenosis/regurgitation-positive (33%) and aortic valve stenosis/regurgitation-negative (38%) subpopulations in 12-monthold survivor mice. Dilated left ventricular internal dimensions were specifically detected in the aortic valve stenosis/ regurgitation-positive subpopulation, thus suggesting that the degeneration of cardiomyocytes is influenced by irregular hemodynamics. Conclusion-These data revealed that survivor mice lacking the Hesr2 gene exhibit fibrosis in the aortic valve and ventricle in adulthood, thus suggesting that Hesr2 plays an important role in maintaining the homeostasis of the aortic valve and ventricle. (Arterioscler Thromb Vasc Biol. 2013;33:e84-e92.)
A ortic valve diseases are associated with heart failure and are major causes of morbidity and mortality in humans. [1] [2] [3] [4] [5] In recent years, the percentage of elderly adults with age-associated aortic valve disease has increased. 6 Fibrous thickening and calcification of valve leaflets, which progress gradually over several years, ultimately cause aortic valve anomalies. 7 Although many factors, including genetics, inflammation, diet, and drugs, have been reported to develop valve diseases, [8] [9] [10] [11] the molecular mechanisms underlying the development and progression of these diseases are not fully understood.
Members of the hairy and enhancer of split-related (Hesr) gene family, which include Hey, Hrt, Herp, Chf, and gridlock, are effectors of Notch, 12 Bmp, 13, 14 and FGF signaling pathways. 15 Hesr proteins have been shown to function as transcriptional repressors in vitro. 16, 17 We and others have previously reported that a majority of Hesr2 knockout (KO) mice display growth retardation and die within 10 days of birth [18] [19] [20] [21] [22] ; a few Hesr2 KO mice survive to adulthood and are fertile. By performing noninvasive assessments of cardiovascular physiology, we reported that Hesr2 KO mice with neonatal lethality exhibit tricuspid and mitral valve regurgitation because of atrioventricular valve hypoplasia, and a dilated left ventricular (LV) chamber with markedly reduced fractional shortening. 19 Endocardial calcification 22 and ectopic atrial gene expression in the ventricle 23, 24 have also been reported, indicating that Hesr2 plays important roles in atrioventricular valve formation and ventricular maturation.
Recent human studies have identified mutations in NOTCH1 in familial or sporadic cases of congenital heart disease,
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Hiroki Kokubo,* Sachiko Miyagawa-Tomita,* Yasumi Nakashima, Tsutomu Kume, Masao Yoshizumi, Toshio Nakanishi, Yumiko Saga including bicuspid aortic valves and severe valve calcification. [25] [26] [27] Garg et al suggested that human NOTCH1 mutations affect early valve development, thus resulting in bicuspid valves and dysregulated calcium deposition, which lead to the development of aortic valve disease. They speculated that HESR2, which can interact with RUNX2, may be downregulated in NOTCH1 mutants, thereby derepressing the calcification process. However, Notch1 heterozygous mice have increased aortic valvular calcification with Western diet; nevertheless, Hesr2 expression was unchanged. 28, 29 Therefore, it is still an open question whether Hesr2 KO survivor mice have valvular defects.
Here, we report that Hesr2 KO survivor mice exhibit aortic valve stenosis and regurgitation (AS/AR) with advancing age. Histological analysis revealed thickened semilunar valves with increased fibrotic area, accompanied by altered expression of osteogenic genes, although valvular calcification was rarely observed. Enlarged and degenerated cardiomyocytes and increased interstitial fibrosis were observed in mutants with or without AS/AR. These data suggest that Hesr2 plays a role not only in developmental processes, but also in the maintenance of valvular and myocardial homeostasis.
Materials and Methods
Previously generated Hesr2 KO mice were maintained at the National Institute of Genetics. 19 Mice with a mixed B6/129Sv genetic background were fed a normal diet and used for analysis. Details of the materials and the experimental procedures are given in the Materials and Methods section in the online-only Data Supplement.
Results

Regurgitation and Stenosis of the Aortic Valve in Hesr2 KO Mice
We initially used echocardiography to examine heart function in Hesr2 KO and wild-type mice at 1, 2 to 3, 4 to 7, and >12 months of age. We performed color flow and pulsedwave Doppler recordings to analyze hemodynamics. Color flow Doppler echocardiography, in which flow movement toward the transducer is shown in red and that away from the transducer is shown in blue, was applied at sampling points indicated in the 2-dimensional images from a long-axis view. Normal flow patterns, displayed at the outflow tract during systole, were observed in wild-type mice ( Figure 1A and Movie I in the online-only Data Supplement). In Hesr2 KO mice, stenotic flow patterns were captured as red, blue, and yellow mosaic patterns at the aortic valve during systole; regurgitant flow patterns at the aortic valve were recorded as a blue flow in the LV during diastole ( Figure 1B and 1C and Movie II in the online-only Data Supplement).
Pulsed-wave Doppler recordings at the aortic valve were also performed at the same sampling points as the color Doppler recordings ( Figure 1D-1G ). The pulsed-wave Doppler waveforms at the aortic valve in wild-type mice showed normal patterns ( Figure 1D ). In Hesr2 KO mice, the aortic flow waveforms were similar to those of wild-type mice during systole; however, the ejection speed was extremely high, indicating the presence of aortic stenosis ( Figure 1E ). During diastole, abnormal downward and wide waveforms were observed at the aortic valve, which were similar to the regurgitation pattern in human patients ( Figure 1F and 1G). The ratio of Hesr2 KO mice with AS and AR increased to 58.8% (10/17), until >12 months of age ( Figure 1H and Table  II in the online-only Data Supplement). It should be noted that the morbidity rate of heterozygous mice with AR/AS was lower (16.7%) than that of homozygous mice at 2 to 7 months of age, but attained to 57.1% (8/14), almost same rate as that of homozygous mice older than 12 months of age. These data suggest that AS and AR frequently occur with advancing age in Hesr2 KO mice. 
Sclerotic Degeneration in the Semilunar Valves of Hesr2 KO Mice
Several human studies have suggested that sclerotic degenerative semilunar valves exhibiting fibrosis, calcification, and inherited abnormalities cause AR and AS. We therefore performed morphological and histological examinations of valves in Hesr2 KO mice. We first examined the gross morphology of the aortic and pulmonary valve leaflets. Only one bicuspid deformation of the aortic valve was found in 51 of Hesr2 KO mice at any age, suggesting that AR and AS in Hesr2 KO mice are not caused by deformity of semilunar valves. In 1-month-old Hesr2 KO mice, severe thickening with fibrosis, which was detected by Masson trichrome staining, was evident in the pulmonary and aortic valve leaflets of the AS/AR-positive population, whereas slight thickening, but no obvious fibrosis, was visible in the AS/AR-negative population ( Figure IA in the online-only Data Supplement). In 3-month-old Hesr2 KO mice, pulmonary valve and aortic valve leaflets looked roughly thickened in comparison with those of wild-type mice (Figure 2A-2D ). Furthermore, pulmonary valve and aortic valve leaflets were significantly thickened in the AS/AR-positive population of Hesr2 KO mice compared with those of wild-type mice ( Figure 2E ). We subsequently examined valvular sections to determine whether these defects caused fibrosis or calcification. Fibrosis was detected by Masson trichrome staining in border region of the pulmonary and aortic valves of 2-to 3-month-old Hesr2 KO mice ( Figure 2F-2M ). However, calcification was rarely observed (1/4), and never in any pulmonary leaflets, by von Kossa staining (data not shown). Distribution of collagen-I, which is normally contained entirely in center part of the aortic valve ( Figure 2P mice ( Figure 2Q and 2Q′), whereas distribution in basis region of the pulmonary valves was not changed ( Figure 2N , 2N′, 2O, and 2O′). Although calcification was observed in only 1 aortic valve of 6 AR/AS-positive and 7 AR/AS-negative homozygous mice (data not shown), thickening, fibrosis, and accumulation of glycosaminoglycans, detected by Alcian blue staining in the pulmonary and aortic valves, was more apparent in 12-month-old homozygous mice than in wild-type mice ( Figure IIA -IIQ in the online-only Data Supplement). Because thickened pulmonary and aortic valve leaflets were not observed in 5-day-old homozygous mice in our previous report, 19 these observations suggest that sclerotic degeneration, including thickening and fibrosis, but not calcification, in semilunar valve leaflets develops after birth and may be the main cause of AR and AS in Hesr2 KO mice.
Changes in Osteogenic Gene Expression in the Semilunar Valves of Hesr2 Homozygous Mice
Histological findings of sclerotic degeneration in aortic valves of Hesr2 KO mice led us to investigate changes in osteogenic gene expression ( Figure 3A ), given that human aortic valve disease is associated with an osteoblastic phenotype. 30 It is noteworthy that Hesr2 was strongly expressed in 12-monthold wild-type semilunar valves. Expression of Bmp2, which encodes a secreted factor implicated in osteogenesis, was unaltered. We also examined expression of Runx2, which encodes a crucial osteogenic transcription factor. Runx2 interacts with Hesr2 and repress its downstream target genes, Osteocalcin (Ocn), Osteopontin (Opn), and Sclerostin (Sost). Expression of Runx2 and Ocn were not altered, whereas those of Opn and Sost were upregulated 6.5-and 3.8-fold, respectively. This finding suggests that some downstream targets of Runx2 may be repressed by Hesr2. The Rank/Rankl signaling pathway is also thought to be involved in calcification; we observed a significant change in the expression of Rank, but not Rankl.
To determine whether the morphological changes in semilunar valves were associated with changes in gene expression, we examined the expression of Opn and Sost in the semilunar valves of Hesr2 KO mice ( Figure 3B-3I ). Both Opn and Sost were detected in the midportion of aortic valve leaflets in Hesr2 KO mice, suggesting that Opn and Sost may be involved in morphological changes. Opn has been shown to induce sclerotic valves 31 ; therefore, we tested whether Sost can cause the sclerotic degeneration of valves. To this end, we generated 2 independent transgenic mouse lines harboring CAG-loxP-Cat-loxP-Sost and crossed them with a Tie2-Cre mouse line to induce ectopic expression of Sost-mis-expressing in endothelial cells ( Figure 3J ). In these transgenic mice, any pathological symptom was not detected by echocardiographic analysis at 6-month-old (data not shown), whereas the thickness of both aortic and pulmonary valves was significantly enhanced (Figure 3K-3R) . Fibrotic degeneration was observed ( Figure 3M-3S ), but calcification was not detected in Sost-mis-expressing transgenic lines (data not shown). These data suggest that Hesr2 may prevent the development of sclerotic degeneration in semilunar valves by suppressing excessive expression of sclerotic genes, such as Opn and Sost.
Decreased LV Systolic Function in Hesr2 KO Mice
To determine the effects of AS/AR on systolic function, typical 2-dimensional and M-mode echocardiograms of the LV were captured in the short-axis view ( Figure 4A and 4B). Left ventricle fractional shortening (LVFS), an index of LV systolic function, in homozygous mice of both AS/ AR-positive and AS/AR-negative populations, seemed to be reduced, but its difference was not statistically significant, compared with that of wild-type mice ( Figure 4C ). However, reduced LVFS (<23%) was observed in AS/AR-positive (4/9), and even AS/AR-negative (3/8) populations, in 12-monthold homozygous mice (≈41% total; Table II in the onlineonly Data Supplement), suggesting that Hesr2 KO mice frequently develop reduced systolic function with or without AS/AR (black circle in Figure 4C ). Interestingly, LVID at systole as well as diastole in AS/AR-positive 12-monthold homozygous mice were significantly higher than that of wild-type mice ( Figure 4D and 4E ), but other indicators were unaffected ( Figure 4F and 4G ), suggesting that enlargement of LV cavity developed in the AS/AR-positive homozygous mice. Analysis of the ultrastructure of cardiomyocytes by transmission electron microscopy showed that myofibrils in cardiomyocytes appeared normal from a gross perspective in both heterozygous and homozygous mice, whereas slightly thickened Z-discs and higher numbers of mitochondria and golgi bodies were observed in Hesr2 KO mice ( Figure IIIA and IIIB in the online-only Data Supplement). Increased number of mitochondria could indicate higher capacity of aerobic work or cell hypertrophy, 32 and enlarged golgi apparatus might also be correlated to response for hemodynamic overload rather than a direct effect of gene mutation. These data indicate that presence of AR/AS influences dilation of the LV in the Hesr2 KO mice.
Fibrosis and Aberrant Cardiomyocytes in Hesr2 KO Mice
Because reduced LVFS was frequently detected in Hesr2 KO mice, we sought to identify changes in the ventricular myocardium. The fibrotic area, stained blue with Masson trichrome, indicating the presence of collagen fibers within the ventricular myocardium, was significantly greater in Hesr2 KO mice than that in wild-type mice ( Figure 5A-5D ), and the extent of the fibrotic area increased with advancing age, irrespective of AS/AR ( Figure 5E ). Cross-sections revealed no gross morphological changes, such as an increase in myocardial wall thickness ( Figure 5F-5H ). However, the width of myocardial cells in the ventricles of Hesr2 KO mice was significantly larger than that of wild-type mice ( Figure  5I and 5J), and this tendency became more prominent with advancing age ( Figure 5K ). These data suggest that fibrosis and aberrant cardiomyocytes may be the primary causes of reduced LV systolic function, indicated by the LVFS index.
Discussion The Role of Hesr2 in the Development and Maintenance of the Semilunar Valves
The thickening of semilunar valve leaflets with fibrotic and sclerotic degeneration leads to increased acute cardiovascular events and death. We found reduction of collagen-I and accumulation of glycosaminoglycan in the semilunar valves of the Hesr2 KO mice. As the extracellular matrix is regulated at certain levels in the valves to maintain an adequate stiffness of the valve leaflets, 33 and its region specific distribution, such as collagen-rich annulus and proteoglycan-rich cusp, reflects site-specific biomechanical properties of aortic valves that play important role in native valve function; 34 dysregulation of the extracellular matrix is one of the main causes of fibrotic and sclerotic degeneration of valves. Moreover, abnormal accumulation of extracellular matrix generally tends to first occur on the border rather than at the base of the degenerative valves, as we found in the Hesr2 KO mice. 8, [35] [36] [37] [38] [39] [40] Therefore, we speculate that, in the Hesr2 KO mice, reduction of collagen-I may allow to accumulate proteoglycan abnormally in the cusp at early phase (3 months of age), and sequentially proteoglycan infiltrate into the annulus hinge at late phase (12 months of age), which might be induced by mechanical stress and fibrogenic and growth factors. 36 In the Hesr2 KO mice, osteogenic factors, such as Opn and Sost, are upregulated, which are distributed in the base of the valves. Opn overexpression has been shown to promote atherosclerosis in response to a high-cholesterol diet and to modulate angiotensin II-induced cardiac fibrosis. 41, 42 In the present study, Sost overexpression in endothelial cells was associated with thickened semilunar valves, but not linked with physiological abnormality, implying additional factors or longer period (>1 year) might be required to exhibit AS/AR. Therefore, we also speculate that these 2 factors are secreted inside or outside of the valve leaflets to induce extracellular matrix in a wider area, including the border regions, which are affected by the mechanical stress of hemodynamics. As Hesr2 heterozygous mutant mice require longer periods than homozygous mutants to develop AR and AS, a certain level of Hesr2 is required to mount an adequate stress response. Although thickened semilunar valves were found in the Hesr2 KO mice, calcification was rarely associated with valvular thickening and did not occur with Opn or Sost accumulation. This suggests that Hesr2 function is not directly related with calcification in the semilunar valves. Other conditions, such as inflammation and proteolytic enzyme expression/activity, dysregulated metabolism, drugs, and so on, may be necessary to develop calcification. [9] [10] [11] Accordingly, Hesr2 plays a crucial role in both the development and maintenance of valve homeostasis.
Downregulation of Hesr2 May Not be the Only Cause of Valve Disease in Notch1 Mutants
It has been speculated that calcium deposition on the bicuspid aortic valve in humans with NOTCH1 mutations may be caused primarily by HESR2 downregulation. 25 However, in animal models using Notch1 and Rbpjk heterozygous mice, increased calcium deposition occurred only with a Western diet. The reduction of Hesr1, not Hesr2, has been suggested to be involved in this process 28, 29 because the loss of the Notch1 gene, in addition to the forced expression of Notch1 in the heart, has been shown to affect the expression of Hesr1, but not that of Hesr2. 43, 44 In our present study, calcified and bicuspid aortic valves, which have been reported in humans with NOTCH1 mutations, were never or rarely observed in the Hesr2 KO mice, respectively. Furthermore, the Hesr1-single KO mice did not show any valvular defects, even though redundant functioning during the valve-forming process with Hesr2 has been observed in our and other analyses. 45, 46 Therefore, Notch1 mutations may not result in either aortic valve anomalies or calcification through the loss of Hesr1 or Hesr2 expression. However, because homozygous, but not heterozygous, mice disrupted in the Rbpjk gene, the mediator of all Notch receptors, experience thickening of the semilunar valves, 47 similar to Hesr2 homozygous and heterozygous mice fed normal diets, we speculate that downregulation of Hesr2 might be induced by the disruption of all Notch and other signaling cascades, which results in aortic valve disease. Given that Hesr2 is a downstream target of Foxc2 in vascular development, 48 we therefore examined whether Foxc2 heterozygous mutant mice develop valve disease. However, the Foxc2 heterozygous mice did not show any degeneration of the aortic or pulmonary valves (data not shown), suggesting either that Foxc2 may not affect Hesr2 expression in valves or that other Fox family members may have redundant functions. Further studies will be needed to elucidate the mechanisms underlying the regulation of Hesr2 expression.
The Role of Hesr2 in the Development and Maintenance of the Myocardium
In this study, we demonstrated that some adult Hesr2 KO mice have reduced cardiac systolic function with or without semilunar valve anomalies. We previously reported that Hesr2 KO mice that experience perinatal mortality exhibit abnormal myocardial structures. 19 Furthermore, apoptosis of cardiomyocytes, particularly in the trabecular zone, was noted in the Hesr1/2 double KO mice. 45 In the Hesr2 KO survivor mice, we observed enlarged myocardial cell size and increased fibrotic areas, thus indicating that Hesr2 KO survivor mice develop cardiomyopathy that is applicable to the contemporary definition 49 and consistent with previous observations made by other groups. 18, 50 This observation suggests that reduced systolic function may occur without aortic valve anomalies in this mouse model. We also found increased LVIDs and LVIDd in AS/AR-positive homozygous mice, suggesting that the presence of AS/AR might aggravate the degeneration of cardiomyocytes. However, only a few inordinately low LVFS measurements were observed in the mice exhibiting AS/AR. This could be caused by cardiac compensation to maintain circulatory equilibrium. The observation of accumulating mitochondria and golgi apparatus may also support this idea. Therefore, Hesr2 is a key regulator that prevents fibrotic degeneration in the aortic valve and ventricle, and is required for cardiomyocyte differentiation and maintenance. 
Animal Model for Acquired Heart Disease
Mutations identifying HESR2 as the causative gene for valve disease or cardiomyopathy in humans have not yet been reported. This might be because of the fact that selection of the target phenotypic and cardiac criteria have included ventricular and atrioventricular septal defects and tricuspid atresia. 51, 52 In this study, echocardiography revealed AR and AS (59%), and reduced contractility of the LV (41%) with a normal diet. In light of our findings, it is tempting to speculate that elderly patients exhibiting a reduced systolic function or valve disease may have mutations in the HESR2 gene locus. Hesr2 KO survivor mice would be useful animal models, as they frequently develop acquired heart disease during young stages.
